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X-RAY DAMAGE AND ANNEAL= OF DEFECTS 
IN cds SINGLE CRYSTALS+ 
K. W. Bder, J. C. O'COnnell, and R, Schubert 
University of Delaware 
' &wax%, Delaware 
The influence of x-ray damage a t  250 keV and 300 keP i n  
ultra-high vacuo on the spectral distribution of photo- 
conductivity and conductivity glow curves is described. The 
observed damage can be explained by assuming a production of 
aulfur vacancies by x-rays and a later diffusion determined 
formation of associates of these vacancies with acceptors 
resulting i n  recombination centers. The threshold energy 
for sulfur vacancy formation lies a t  about 250 keV. 
X-ray damage can be used as  a tool t o  produce intr insic  
defects i n  CdS single crystals; th i s  fac i l i t a tes  the analysis 
of their electr ical  and optical properties. 
function of the x-ray energy is used t o  distinguish between 
defects in the heavy o r  l ight sublattices of binary campounda. 
A l l  these imreatigations are usually based on the assumption 
that predominantly single defects, such as vacancies or 
i n t e r s t i t i a l s  are produced, and spatial  inhomogeneities, e. g. 
surface effects, can be neglected. 
+The work i s  supported i n  part by the National Aeronautics 
and Space Administration and by the Office of Navel Research 
To be published i n  the Proceedings of the International 
Conference on Luminescence, Munich, 1965. 
Damage as a 
These assuaptions, however, were rarely justified. 
Previous x-ray damage of Cd5 crystals was performed in vacua 
x-ray8 of about 180 k e V  already produce -3or cbgnges in 
ebctrical praperties o f  these crystals, as seen in thenoally 
stinmlarted current mC) curves (rronauCtivity glapsctlwes), 
&$!BE# 
vacua (lO-lo torr range ) are reported which indicate that 
earlier resul ts  were influenced by surface effects  caused by 
ionization of the ambient atmosphere. 
w i t h  four evaporated Au-Cr electrodes, the two i-r electrodes 
were connected to high impedgnce electrometers for potential 
probing in order t o  elinrLnnte barrier layer effects a t  tbe 
cllzrrep~t electrodes, 
The spectral distribution of the photocarrent was 
measured at about 2 x 1014 photOns/cm* w i t h  a wavelength 
sweep rate of a u t  200 &&., in order t o  achieve steady 
state photocunwlts for each wavelength, 
m e a d  after i r r a d i 8 t i O ~ l  at 4 9 0 9  and steady state..currents 
were achieved at -180% with a heating rate of about 0.4 deg,/SeC. 
The x-ray irradiation was conducted a t  room temperature 
from a POlpChramatic source+at 100, UO, 200, 250, and 300 
bv; the reported 300 keV Srradiation for 2 hours a t  7.5 ma 
a d  45 cm murce-crystal distance (unfiltered). 
of approgimately IO4 torr. It hag beem obserwed that 
liere results of x-ray damage i m s t i g a t i a n s  i n  ultra-high * 
ihrtdoped high insulating CdS single crystals were used 
The TSC curves were 
Tbe cr~rstal was held in the  10'" torr range during the 
e n a r e  =ported program (several months). 
for the use of the x-ray source. 
* 
+ The arttbors are hdebted t o  Frankford Arsenal, Philadelphia 
I 
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In  contrast to  ear l ie r  investigations at hi@er pressures 
of the ambient atmosphere, irradiations below250keV result 
in very small changes i n  electrical  properties, indicating 
that a threshold for production of electrically active de- 
fects lies at about 250 keV. 
defects, the crystal  was then anaealed at temperatures between 
100" and 30O0C for  one hour and consequently cooled t o  rocnu 
temperature at  a rate of about one degree per minute, 
a final annealing a t  3OO0C* a l l  for-ng x-ray damage and 
annealing cycles were essentially reproducible. 
Figure 1 shows a family of TSC cuNes: (1) befbre and 
(2) directly after x-ray damage at 250 keV, A slight de- 
crease of 150% peak and an increase of 300° peak is  obserwed. 
Waiting a t  room temperature (in the dark) reduces both peaks 
(curves (3) anti (&)I, annealing at I O O ~ C  essentially reproduces 
the original TSC curve before damage. 
towards higher currents is characteristic for &at treatments 
i n  vacuo and independent of x-ray damage,) 
Figure 2 shows a similar but enhanced influence of x-ray 
damage of 300 keV on TSC curves, while Figure 3 indicates 
that annealing a t  100°C is insufficient but UO0C is sufficient 
to restore the original state before damage. 
A similar behavior i s  shown for spectral distributions 
of the photocmductivity i n  Figures 4 and 5: after x-ray 
damage the photoconductivity decreases, while after anaealiq 
a t  100°C a sl ight increase and after annealing of W 0 C  an 
essentially complete return to the orig5nal curwe is observed 
(also here a slight increase over the value of the original 
curve indicates the influence of the heat treatment i n  vacua). 
In  order t o  obtain further information on x-ray produced 
After 
(The slight shift 
- 
* Probably causing the  desorption of a disturbing surface layer. 
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Disregarding some changes i n  the shape of the spectral 
distribution curve of the photocurrent, the effect of x-ray 
damage can essentially be described as a parallel shift 
tawards lmr current8 indicating a wavelength independent 
reduction of the photoelectric gain factor, 
the density o f  recombination centers as a resu l t  of the 
damage is a possible explanation, 
the spectral distribution curve after waiting at  room 
temperature indicates an increase of the density of these 
recanbination centers. 
The TSC curves show beside a shift t o  lower values, 
which can be similarly understood, an increase of the 300' 
peak directly after x-ray damage, indicating an electron 
trap a t  about 0.5 eV. After waiting at temperature the 
density of the trap decreases, while the density of re- 
combination cemters increases, as it can be concluded f rom 
the stronger decrease of the 30°K peak gn top of a parallel 
shift of the TSC curves. 
about 250 keV produces electron traps at about 0,s eV. After 
waiting at room temperature these defects robably associate 
with others to form recombination centers, 
The fact that this formation of recombination centers 
i s  possible at rodm temperatures in  undoped CdS single crystals 
is w e l l  trwrwn frrwt photochemical reactions. 
An irmcreaae of 
The further decrease of 
This indicates that x-ray near the threshold of 
5 
* 
Recombination centers are vety probably associates of donors 
and acceptors. 
* 
CdS crystal used for the reported investigations shows 
photoelectrical reactions already at room temperatures in 
agreement with observations by Borrhardt.5 
*. " 
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of 100O to  UO'C the r e d i n a t i o n  
centers dissociate, allowing the x-ray produced centers to 
recombine, 
since the damage and m a l i n g  cycle of the undqmd crystal 
is  w e l l  reproducible in ultra-high vacua, one may attempt a 
description using simple defects of the intrinsic lattice, 
It is most probable that x-ray damage at rbie f#sser threcaahold 
produces disorder i n  the sulfur sublattice, H e r e  the simple 
defect produced by x-rays is the displacement of 8 sulfur 
atm, creating a sulfur vacancy and an adjacent sulfur in- 
tersti t ial .  
crystal defects, e.g. low angle bOuLLdafie89 dislocations, 
etc,, which may act as creation centers for x-ray produced 
defects, the "sulfur interstitial" cam associate with these 
defects, resulthg i n  a more or leas isolated sulfur vacaacp. 
This sulfur vacancy acts as an electron trap and pro- 
duces the 300' K peak in the TSC curve in qreememt w i t h  a 
model proposed by BubeO6 The transformation of this electran 
trap into a recombination center is not yet understood. 
However, in the neighborhood of crystal defects, where 
diffussiaa i s  enhanced, it i s  not difficult to B B ~ W  8 
migration of oppositely charged defects i n  order to form 
associates already at roan temperahure, e-ially since a 
migration Over a few lattice constants only is necessary, 
although the diffusion of sulfur vacancies mer a microscopic 
distance through the lattice is observed at wasiderably 
To give a ndcroscopic model i s  -re difficult. However, 
If this takes place in the neighborhood of other 
* 
bigher temperatures only. 7 
It the&m~ dm11 be proposed that x-ray damage in un- 
doped CdS near the 250 keV threshold produces sulfur vacancies 
i n  the neighborhood of crystal defects, which in turn can 
associate to recombination centers w i t h  acceptors already at  
room temperature. 
temperatures between looo and 15OOC. 
These defects anneal essentially a t  
~ * Energy transfer from the position of x-ray absorption to 
the creation center by lattice bpacts, 
. 
Fpg. 1 TSC curcfes of undo d CdS single crystal be- gLIcl 
after d~mage w i t h  EO iteo x-rays and after annealing 
at 1OOOC. 
Fig. 2 
Fig. 3 
TSC c m m s  of undo d CdS single crystal beaxe and 
TSC c-8 of undoped CdS single crystal after s-rq 
damage a8 given for Fig. 2 and after annealing at 
100OC and l5OOC. 
after damage w i t h  !? 00 lev x-rays. 
Fig. 4 Spectral distribution of photoconductance of undoped 
cds single crystal before and after x-ray damage at 
300 keV (measured at - 1 W C ) .  
Spectral distributhn of pbtocaaductaace of undoped 
cds single crgstal after x-ra damage (300 kea and 
after annealing at  1000 and dWC (measured at -1mOc). 
Fig. 5 
250 keV damage 
.ad m e a l i n g  
(1) Before irradiation 
A f t e r  irradiation 
A f t e r  6 days 
A f t e r  16 days 
(5) After 10OOC annealing 
Figure 1 
TSC curves of undoped CdS shgle crystal before and 
after @nage With 250 keV x-rays and after annealing 
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2) After irradiation 
3) A f t e r  4 days 
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Figure 2 
300 
TSC curves of undoped CdS eingle crystal before and 
after daaage with 300 keV x-rays. 
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Figure 3 - 
TSC curvet? of undoped CdS single crystal after x-ray 
damage as given for Fig. 2 and after annealing at 
100°C and 15OoC. 
300 keV 
Spectral distribution of photoconductance of undoped 
CdS single crystal before and after x-ray damage at 
300 keV (measured at room temperature). 
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Annealing 
1) A t  room temperature 
After 1OOgC annealing 
After 130 C annealing 
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Spectral distribution of photoconductance of undoped 
CdS single crystal after x-ray damage (300 keV) and 
after annealing at 100° and l5WC (measured at rocnu 
